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By E.M.FieldsandN. T.Wakelyn

SUMWRY

A laboratory-scalevapor-depositioncoatingfacilityhasbeencon-
structedandusedinbasicresearchinthefieldofhigh-temperature
coatings.ThevapQr-depositioncoatingswereproducedby thehydrogen

. reductIonofhalidesandnotby vacuumpktingmethods.

A molybdenwdisilicidecoatingappliedtomolybdenumby thevapor-*
depositionprocesshasbeentestedat a ~ch numberofa.pproxirmtely2
ina hot-airjethavinga stagnationtemperatureofabout3,500°to
4,000°F. A coatedmodelreachedan equilibriumtemperatureofabout
3,100°F andwasundamagedafter470secondsatthistemperatureinthe
jet,whilean uncoatedmodelwasvirtuallydestroyedinlessthan
6 seconds.

INTRODUCTION

.

A numberofmetallicmteri~s t-t havehighmeltingtemperatures
andconsiderablestrengthremainingat elevatedtemperaturesarenot
suitedto high-temperatureuseinairbecauseofoxidation.Oneofthe
mostpromisingofthesehigh-temperaturemetalsismolybdenumtitha
meltingtemperatureofabout4,700°F, a 0.2-percent-offsetyield
strengthof20,0~ to 30,000poundspersquareinchat 2,0000F (ref.1),
andlimitedmachinabilityandformability(ref.2). Molybdenum,how-
ever,oxidizesrapidlyinairabove1,300°F (ref.1)andthusisnot
suitableforhigh-temperatureuseinairunlessa protectivecoatingis

y usedtopreventoxidation.Resesrchintothehigh-temperaturebekvior
ofoxidation-protectedmolybdenumhasbeencarriedonfora numberof
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years,particularlyintheuseofmolybden–tinramjetsandturbines.
(See,forexample,refs.3 to 8.) F

A programisunderwayat theLangleyPilotlessAircraftResearch
Divisionforthestudyofvapor-depositioncoatingmethods(hydrogen
reductionprocess).Theprogramisconcernedwithresearchinthefl.eld
ofhigh-temperaturevapor-depositioncoatingsandthebehaviorofthese
coatingsinhigh-temperatureenvironments.A laboratory-scalevapor-
depositionfacilityhasbeenconstructedsndthefirstcoating(molyb-
denumdisilicideonmolybdenum)wasachievedinMay1957.Thecoating
processandfacility=e describedina subsequentsectionofthepres-
entreport.

Oneofthemorenotableprotectivecoatingsformolybdenumis
molybdenumdisilicide.Smallmolybdenumwirescoatedwith MoSi2 have
lastedforas longas 100hoursat 3,~°F instillair(ref.9). The
presentreportshowstheresultsoflimitedtestsofdime-sizedmolyb-
denumdisks(uncoatedandcoatedtithmolybdenumdisilicide)ata Mach
numberofapproximately2 ina hot-airjethavinga maximumstagnation
temperatureofabout4,0000F.

SYMEQIS

A angstrom

%2 hydrogen

HC7 hydrogenchloride

M Machnumber

Mo molybdenum

MoSi2 molybdenumdisilicide

NaOH sodiumhydroxide

sic24 silicontetrachloride

TS stagnationtemperature,OF
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MODELS, TESTS,ANDTESTRESULTS

Models

Themodelswere~-inch-diameterdiskspunchedfrcma 0.03-inch-
32

thicksheetofsintered(99.9.percentpure)molybdenum.Figure1 shows
photographsanda sketchofthemodelsbeforetesting.Themodelswere
cementedtothezirconiaholderwithSauereisenlow-expansioncement
(no.29)andtheentireassemblywascuredat 250°F for24hours.One
sideofthemolybdenmsheet,fromwhichthemodelswerepunched,had
beenpolishedtoa brightsatinfinish,andthecoatingsdepositedon
thepolishedsideweretested.

Threecoatedmodelsdifferingonlyinthecoatingtimewerepre-
pared.As shownintableI andfigure2,theweightandthicknessof
thecoatedmodelsincreasedwithincreasedcoatingtime. Since,inthe
McSi2 coating,thesiliconatomsmigrateintothemolybdenumcrystals
(fig.3), themeasuredCoatingthicknessisnotthetruethiclmess.
Themodelswerecoatedonbothsidesandontheedges.Thecoatings
ontheedgeswererougher(andappearedtobe thicker)thanthecoating
ontheflatsurfaces.

The MoSi2 coatingwasformedonthemolybdenumby mixinggaseous
silicontetrachloridewitha suitablecarrieranda reducingagentand
flowingthemixtureovertheheatedmolybdenum.Theresultingcoating
wasidentifiedas MoSi2 throughX-raydiffraction.

Tests

Thetestswererunina laboratory-scaleceramic-heatedairjet
inwhichairispassedthrougha preheatedbedof zirconiaspheresand
exhaustedto theatmosphereasan M = 2 axisymmetricfreejet
(ref.10). ThisheatedfreejetIEMan exitdiameterof0.78inchand
a stagnationpressureofapproximately100poundspersquareinchabso-
lute.Thestagnation(bed)temperaturesforthepresenttestswere
about4,000°F at thebeginningandabout3,500°°Fat theendofeach
run. Eachrunlastedabout90 seconds.The@_picalvariationof stag-
nation(bed)temperaturewithrunningtimeintheheatedairjetis
showninreference11.

Thestagnationtemperaturesshowninthepresentreportarethe
temperaturesat thetopofthebedof zirconiaspheres.Limitedmeas-
urementsoftheairstagnationtemperaturesup to 3,CX)0°F havebeen
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madeand,ingenez%l,theairstagnationtemperatures’havebeenwithin
-.

100°F ofthetemperaturesofthetopofthebed. &“

Figure4 showsthetemperaturetimehistoryofrun1 ofmodel27
asmeasuredwitha platinum-platinum-rhodimthermoc-buplespot-welded
to thebacksurfaceofthemodel.Themodelback-stifacetemperature
beganrisingwithin0.03secondafterthemodelreachedthecenterof
thejetandreachedan essentiallysteady-statetemperatureof3,060°F
inabout12 seconds.

TestResults

ent
the
one

Fouridenticaluncoatedmodelsandthreecoatedmodelswithdiffer-
coatingthicknessesweretestedinthehot-airjet. Theresultsof
testsareshowninfigure5 andtable11. Thecementusedtoattach
ofthecoatedmodels(model26)totheholderfailedduringthe

firstrun,andnodataof significancewereobtainedforthismodel.

Uncoatedmodels.-Thefouruncoatedm@els were$estedfordiffer-
entlengthsoftimeinorderto observethesurfaceconditionsofthe
modelsat differenttimesduringthetest.Model4 wastestedfirstto

—

establishthetimeformajordamagetotheuncoatedmodelandmodels1, w
2,and3 weretestedforshortertimesas indicatedinfigure~(a).
After3.0and3.3secondsoftesting(models1 and2,respectively),
visualexaminationofthesurfacedidnotshowanydetectablesurface

&

erosionbutthesurfacewasdiscoloredwiththecharacteristicblue-“
blackof oxidizedmolybdenum.After4.7secondsoftesting(model3)
considerablesurfacedeteriorationresulted,andafter5.7secondsof
testing(model4)theuncoatedmolybdenumwasvirtual~destroyed.
Motionpicturesofthetestsshowthat,at 4.1seconds,models3 and4
flaredupwithwhatappearedtobe a showerof sparksandincandescent
gases,andmodeldestructionproceededata veryrapid.rateaccompanied
by a steadyshowerof incandescentsmallparticles.

Theapparent“melting”oftheuncoatedmolybdenunijata Jetstag-
nationtemperatureconsiderablylowerthanthemeltingtemperatureof
molybdenum,isprobablydueto oxidationof-themolybdenum.Other
investigatorshavereportedlow-temperature“melting”ofmolybdenum
(ref.11,forexample).

Coatedmodels.-Theresultsoftestsforthecoatedmodelsare
showninfigures5(b)and5(c)andtableII. Themodelsweretested
inrunsofabout90 secondseach.The90-secondrundurationwas

—

choseninorderto limitthestagnationtemjyraturedmp toabout5(X1°
to 6000F duringtherunandto insureanuninterruptedcamerarecord t
ofeachrun. Thetimebetweenrunswasusuallyabout.20to 30minutes_
andthemodelcoolednaturallytonearroomtemperaturebetweenruns.

<
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Models25and27werenominallyidenticalexceptforcoatingthick-
ness. Byusingthetotalmeasuredthiclmessgain(bothsides;seed table1)andassumingthatbothsideshadaboutthesamecoatingthick-
ness,itwasestimatedthatthethicknessofthecoatingononeside
wm approximately0.0015to 0.0020inchformodel25andaPProx&tely
O.CO1Oto 0.CQ15inchformodel27.

Thetotaltesttimesofapproximately285secondsformodel27and
approximately632secondsformodel25 showninfigure5 representthe
totalthe inthejetandincludethetransientheatingtimeat the
beginningofeachrun. TableII includesadditionaltestresults.
Motionpicturesofthetestsshowthatmodel27begantoburnvigorously
at onepointontheedgeat 7 secondsofrun4 (277secondstesting
time)andwasflamingsteadilyoveraboutone-halfitsareain 8 more
seconds(285secondstestingtime).Model25wasundamagedas deter-
minedfromvisualinspectionattheendofrun6 (541secondstesting
time)andthemotionpicturesofrun7 donotshowwhenthefirst-ge
occurred.At theendofrun7 (632secondstestingtime)visualinspec-
tionrevealedtheholeburnedthroughthemodelat thestagnationpoint.
Model25 didnotexhibittheusualflamingdestructionofmolybdenumat
anytimeduringrun7.

. Figure5(c)showsthatthesurfaceofmodel25appearstobe blis-
teredoverpartoftheundamagedarea. These“blisters”aresmallpar-
ticlesof zirconiapowderthrownoutby thejetduringthetestingofu
model25. Thejetisnormallycleanandnotcontaminatedwithforeign
particlesuntilseveralhoursoftestingtimehavebeenaccumulated.
As soonas it isdeterminedthatforeignparticlesarecontaminating
thejetbecauseofpartialbreakupofthezirconiaburner-inletblocks,
thefacilityispartiallydismantledandcleaned.Model25wastested
immediatelypriorto dismantlingofthefacilityforcleaning.

A thermocouplerecordofrun1 ofmodel27 (seefig.4) showed
thatthemodeltookabout12 secondstoreachanessentiallysteady-
statetemperatureofabout3,100°F duringtherun. Thus,model27
wasatabout3,100°F forapproximately234secondsofthe285-second
testingtimeandmodel25wasatabout3,100°F forat least470sec-
ondsofthe632-secondtestingtimewithoutapparentdamage(run7 of
model25notconsidered).Thesetimescomparefavorablywithapproxi-
mately4 secondsfortheuncoatedmodelsbeforedestructionbegan.
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DESCRIPTIONOFTHEVAPOR-DEPOSITIONPROCESSANDFACILITY
.

b —.
General —

Vapor4epositedcoatingsofmanyofthesimplerefractorymtertals
(includingmolybdenumdisilicide)havebeenknownformanyyears.(See
ref.9.) Inthevapor-depositionprocessthecoatingmaterial,invapor
form,isbroughtintocontactwitha heatedbasenu%terial,anda chem-
icalreductionora thermaldecompositionoftheccatingmaterial,
occurringat thesurfaceofthebase,producesthecoating.

A laboratory-scalevapor-depositionfacility(seefig.6) hasbeen
constructedattheLangleyPilotlessAircraftResearchDivision,and
thefirstcoatingMoSi2 wasachievedinMay1957. Thefunctionof
thisfacilityistoaidinresearchintothenatureofvapor-deposited
high-temperaturecoatingsandthebehaviorofthesecoatimgsinhigh-
temperatureenvironments. ———

FormationofMolybdenumDisilicide–

Hydrogenreductionofthehalide,silicontetrachloride,wasused “
toproducethemolybdenumdisilicidectiting.Thereductionreaction
whichdepositssiliconuponthesurfaceof..amolybdenummodelandthe *
subsequentdiffusionofthesiliconintothemolybdenumtoproducethe
disilicidecoatingmaybe representedas follows: ““:

2,400°F .

Mo+ 2SiCZ4+4% ->,.MOSi2 + 8HCZ

Necessary chemicalsandtheirpreparation.-A molybdenummodel,a
gaseousreducingagent,an inert,carriergas,anda l-w-boilingsilicon
halidewereusedintheformationofthernoly~denumdisilicidecoating.
Thereducingagentandthecarriergaswerehydrogenandargon,respec- ‘-
tively,andwerechosenbecauseoftheirpurityandavailability.H$dro-_ .-
genisnotusedas thecarrier..sinceitwouldcausedepositionof’the
siliconbeforethecoatingmixturereached..~he-model.-’Silicontetra-
chloridewasusedas a sourceof siliconbecauseitiSreadily-reduced
by hydrogen,iscommerciallyavailableinsufficientlypureform,and–
itsvaporpressureatroomtemperaturesis-highenoughforittobe
entrainedeasilyby theargoncarrier.

It isstatedinreference9 thatporousandbrittledepositsresult
fromthepresenceofOqrgenandwatervaporinthegases.Thehydrogen r
gaswaspurgedof~gen by meansofa Deo~oHydrogen”Purifier(see
fig.6) whichetiloysa palladiumcatalystsothatanyoqygenpresent
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reactswiththehydrogentoproducewater.DownstreamoftheDeoxo
unitisa desiccatingcolumnfilledwithDrierite(anl@rouscalcium* sulfate).Theargongaswaspurgedof oxygenwitha Fisher-Milligan
GasWasher(seefig.6) filledwitha basicsolutionofpyrogallol.
Thisoxygenpurgerisalsofollowedby a desiccatingcolumnofDrierite.
Thesilicontetrachloridewastechnicalgradeandwasusedwithout
furtherpurification.

Formationofthereactionmixture.-Thetwogasesarriveat the
vaporizerunit(fig. purgedof o~genandwatervapor.Thisunit,
whichcontainsthesilicontetrachloride,isa 100-mltriple-necked
distillingflaskwithstandard-taperball-and-socketJoints.Theargon
gasentersthevaporizerunitandbubblesthroughthesilicontetra-
chloride.Themixtureofargonandsilicontetrachloridevaporthus
formedflowsthroughthemiddleneckofthevaporizerunittoa three-
wayTeflonvalve(experiencehasindicatedthatglassandmetalvalves
“freeze”inthepresenceof SiCZ4)ina T-tubewhereit joinsthe
hydrogenstream.ThereactantswerethuscombinedJustbeforeentering
thereactiontube(fig.6(b)),whichcontainedtheheatedmolybdenum
model.

Deposition@mperature.-Molybdenumdisilicidecanbe formedat
modeltemperaturesfromapproximately1,800°to 3,300°F (refs.1 and9).
At thebeginningoftheprojecta carbon-tubef~ace, capableof

. attaininga temperatureof over4,000°F, wasusedtoproducethetem-
peratureenvironmentnecessaryforthedepositionof siliconandfor
itsdiffusionintothemolybdenum.Althoughcoatingswereobtained
withtheuseofthisfurnace,evidenceof carboncontaminationinthe
molybdenumdisilicidecoatingwasdiscovered.Becauseofthiscarbon
contamination,an induction-typeheater(3*kilovolt-amperes)wasused
forthesubsequentccatings.

Severalsizesandshapesof loadcoilsweretried.Somewereable
to heatthemodelsuptoabout2,6000F,butwiththepassageofl@ro-
genoverthemodel,thetemperatureofthemmielfell.belowthecoating
limit.A coilshapedarounda speciallyformedquartzreactiontube
(fig.7)provedcapableofheatingthedime-sizedmolybdenummodelsto
temperatureshigherthan3,200°F; uponpassageofhydrogenthroughthe
apparatus,a dropinmodeltemperaturetoapproximately2,400°F was
experienced.Thistemperatureiswellwithinthecoatinglimit.

Themodeltemperaturesweremeasuredwithbotha platinum—
platirnm-rhodiumthermocoupleandan opticalp~ometer.Duringthe
laterrunsitwasfoundthattemperaturemeasurementsmadewiththe

“ opticalp~ometerweresufficientlyaccuratetobe reliedupon
exclusively.

.
v?kwmw#jfg#
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Thecoatingprocess.-Ontheaverage,1.8litersofargonand
7.8litersofhydrogenperminutewereused. Thesilicontetrachloride-“~
argon-hydrogenreactionmixtureenteredtheshapedquartztubeandflowed -
overtheheatedmolybdenumnmdel.Theflowup to thenmdel~d the
reactionproductswereessentiallycolorlessalthoughslightdiscolors-““
tionof’thereactiontubewasobserved”downstrean-fromthemodelduring- -
andaftera coatingrun.

Three
utes. The
sincethey

CoatingResults
.-

modelswerecoated,withcoatingtimesof10,15,and20min-
coatingsseemedhardandtightlybondedtothemolybdenum
couldnotbe scnpedoffwitha knifeblade.Whenmagnified

at 200 diameterstheyappearedbrightgrey-silver-,finegrained,and
continuous.Considerablebuild-upofthecoatingontheedgeofthe
modelwasobserved.Thecoatingswereidentifiedas McSi2 by X-ray
diffraction.

Theweightsandthicknessesofthemodelsweremeasuredbeforeand
aftercoating.Theresultsofthesemeasurementsareshownplotted
againstcoatingtimeinfigure2.

CONCLUDINGREWARKS

A laboratory-scalevapor-depositioncoatingfacility(utilizing
thehydrogenreductionprocess)hasbeenconstructedandputintoopera-
tiontoaidinresearchinthefieldofhigh-temperatureccatings.

A molybdenumdisilicidecoatingappliedtomolybdenuminthepre-
viouslydescribedfacilityhasbeentestedina supersonichot-airjet
at jetstagnationtemperaturesofabout3,500°to 4,000°F. A coated
modelreachedan equilibriumtemperatureofabout3,10.0UF andwas
undamagedafter470secondsatthisequilibriumtemperatureinthejet,
whileanuncoatedmodelwasvituallydestroyedinlessthan6 seconds.

—

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,August30,1957.
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MODEM BEFORETESTING

(a)Uncoated

Model I w, Oz I t, in.

1 0.0565 o.02g5:
2 .0565 .0295

.0565 .0295
t .0565 .0295-

(b)Coated

.
—

.. .
.

.
.* ._

aTotalforbothsides:

.

.

Coating
Model time, W, before m, 02 t,before At,in.coating,Oz coating,in.min (a)

25 15 0.0568 0.00212 0.0295 0.0032
26 20 .0765 .00282.. .0295 .0035
27 10 .0565 .00176 .0295 .0020

—

w modelweight,oz .-
t modelthickness,in.
Aw increaseinweight,oz
At increasein thickness,in. ‘-

.—

—

-..

—

.

.
. .
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TABLEII

TESTRESULTSFORCOATEDMODELS

.

.

U,

DurationCumulativeCumula.tivetime

~odelRun ofrun,testtime,at steady-state Remarksmodeltemp.,sec sec see*

27 1 90.0 78 Noapparentdamage
27 g:: 180.6 157 No apparentdamage
27 ; 270.2 234 No apparentdamage
27 4 15:0 285.2 234 Startedburningat

7 secondsofrunk
25 1 91.0 91.0 79 No apparentdamage
25 2 91.0 182.0 158 No apparentdamage
25 89.6 271.6 236 No apparentdamage
25 : 89.9 361.5 314 No ap~rentdamage
25. 5 91.0 452.5 392 No apparentdamage
25 6 88.9 541.4 469 No apparentdamage
25 7 90.8 632.2 548 Firstdamageoccurred

sometimeduring
run7

L

*Estimatebasedonthetemperaturetimehistoryofmodel27
showninfigure4.

.

.
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(a)Photographof typical
uncoatedmodelbefore
mountingonholder.

NACARM L57112

(b)Sketchof typicalmodel,
showingdimensionsin
inches. --

—

.

—

.

w?

Model25 Model27 Model26
(15minutecoating) , (lO~nutecoating) (20minutecoating)_----- —,.
(c)Photographshowingcoatedmodelsmountedonhold~sfortesting. -

Uncoatedmodelsweremountedinsamemanner.

Figurel.-
L-57-2751

Photographsandsketchoftypicalmodelsbeforetesting.

.

.
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Model27 Model25 Model26

.

●W

●m3

.002

.001

0

ThicknessChsnge

I \ [

o 5 10

Cmtj.ngtire, d.nutes

Figure2.- Changeinweightandthicknessplotted

15

againstcoatingtime.
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MoSi2 has a body-centered
tetragond structtue. It
consistsorinterpenetrating
hexagonalnetsofsilicon
Rtm ,titheachSi~COn 13toln

being a part of %no such nets
at right angles to eachother.
TheeenetsdiwldetheBpace
3nto@yhedI’a,wpsxsplasma
w~~ ~ ~S, tie
facesofeachpolyhedronbeing
fom Squaresd eighttri-
~gles. A W1.yl.denumatom
liesatthecenterofeach
POW*% ~ded byten
siliconatomsat2.61?A.
Eachr3i~COIi atm iS )M?Mi3d

to five moljMenum and five
silicon atoms, also at 2.617A.
(ref. 1.2).

P
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,
1

,
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~ Body-centeredtet~ Body-oentsredCUhiC

o Molybdenum

structureof MoSi2 Stnlctlmeof %

:

● SK13con
>
El

Figure3.- Crystal structureofmolybdenumdisilicide(ref.8).
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Figure4.-Typical

Tempez%itureindioated
~ thermocouple
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Thermocouple7
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temperaturetimehistoryof
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Model 2
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Model 3
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3.0esc 3.3 * 4.7 see
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5.- Test results
stagnation(bed)

I

(a) Uncoatedmdels.

5*7 Sec

L-~7-2312

for molybdenum mcdels in ceramic-heatedair jet. Temperaturesshown
temperatures at beginuingand end of run. Times shown are the in jet.
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= 4000-3300%

- --

(b)Model27 (10minutecoating)
after285secondstestingtime.
Destructionbeganat 277seconds.

.. .. . .—.

= 4050-3400%

(c)Model2’3(15minutecoating)
after632secondstestingtime.
Destructionbeganat sometime
after541seconds.

L-57-2752
Figure5.-Concluded.
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(a) Chemicalpurifimtion and mixing.
L-57-2272

Figure 6.- lkborato~-s~e vapor~e~sition a~tu.
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L-57-2753

(b) Reacti.ontube, without heatiw coil or model.

Figure 6.- Continued.
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(c) Flow sheet of molybdenm disflicide

Figure 6.- Concluded.
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Figure 7
L-57-2754

- Quartzreactiontube and shaped mductlon COI1 (model not included)
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